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MAGNETIC REFRIGERATION FOR SPACECRAFT SYSTEMS*

J. A. Barclay
Group P-10, MS764
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Magnetic refrigerators, i.e. those that use the
magnetocaloric effect of a magnetic working material in a
thermodynamic cycle, offer potentially reliable, and
efficient refrigeration over a variety of temperature
ranges and cooling powers. A descriptive analysis of
magnetic refrigeration systems is performed with
particular emphasis on mcre efficient infrared detector
cooling. Three types of magnetic refrigerator designs are
introduced to illustrate some of the possibilities.

*The work was perforned under the auspices of the U. S. Department
of Energy.



NOMENCLATURE

- demagnet: zing factor, dimensionless

contact area, m?

cross section area, m?

mgnetic field, Tesla

Brillouin furction, dimensionless
heat capacity at constant field,
Jikg K

heat capacity at zero fileld, J/kg K
heat capacity at constant pressure,

J/kg K

- mnlecular weight, kg/mole
- tatal electronic angular mementum

operator, dimensionless
lenath, m

magnetization, Ame/mole
saturation magnetization, Am?/mole
Avogradro®., numher, mole-1
pressure, Pa

pressure arop, Pa

conling power, W

heat rejection power, W

qas constant, B.13 J/mole K
entropy, J/mole K
temperature, K

cold-bath temperature, K
hot-bath temperature, K
inlet tamparature, K

outlet temparature, K

Curie temperature, K
magnetocaloric adiahatic
terperatyre change K
volume flow rate, m3/s
argument of Brillouin function,
dimensioniess

- characteristic channel diameter, m
particle diameter, m

- Lande g-factor, dimensionless
conductance, W/mcK

Bolt2mann constant, J/K
velocity, m/s

porosity, dimensionless

Bohr magneton J/Tesla
efficiency, dimensionless

fluid thermal conductivity, W/mK
molecular field constant,
dimensionless

visocity, Pas

permeability Sonstcut. Wb/Am
density, kg/m

snlid tempsrature, K
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INTRODUCTION

The requirement for refrigeration for detec-
tors, instruments, and experiments in spacecraft is
increasing hecause of the need tn increase heat load
capability and to extend mission 1ife, The specific
conling requirements depend upon the mission and the
state of technology avatlahle, Tabla [I! lists
most of the typical spacecraft refrigeration methods
that have been successfully flown or are under
deve lopment .

Refrigeratinn is a key prohlem for
developing spacecraft thermal <ystoms because many
Watts of «conling mist be provided with high
reliahility, lonq life-time, and high effici..cy.
Development of high-relfability, high-effici ncy
refriqerators has been hindered due to lack of
defintition, planning and inadequate funding,

most



TABLE 1 |
SPACECRAFT REFRIGERATION METHODS ’

COOLING METHOD

TEMPERATURE RANGE (K)

LOAD/YEAR MISSION

Radiant Coolers 70-10u 0-10 mW ]
Stared Solid Cryogen Coolers 10-90 0-300 mW i
Stored Liquid Helium Coolers 1.5-4.2 0-100 mW \
He-3 Coolers 0.3 0-100 W
Dilution/Demagnetization |

Refrigerators 0.001-0.3 U-100 W |
Mechanical Refrigerators 4-300 0-300 W
Thermoelectric Refrigeration }
Absorption Refrigerators

In order to cee some of the problems faced, '
consider the following example. Table Il 1ists the
features of an advanced infrared (I.R.) detector
cooling system. There are no refrigerators in:
existence that can meet all of these requirements .
simultaneously.

Table Il
1. R. COOLING SYSTEM REQUIREMENTS

Reliable Rapid Cool Down
Compact 10 K to 100 K Load Temperature
Efficient Several-Year Mission Lifetime

Low Microphonics

Several-Watts Cooling Power
Low Thermophonics

Also, the reliability and efficiency are be-
coming increasingly important as the 1ifetime of
the mission and the heat loads increase. 1If 10 W
of refrigeration at 20 K can he reliahly provided
with 25% of Carnot etficiency instead of 5% then
refrigeration input power can be reduced from 2800
‘¢ to 560 W and waste heat removal components can he
correspondingly reduced.

The gurpose of this paper {s to describe the
concept of magnetic refrigeration, to discuss the
companents of a magnetic refrigeration system, and
to show that there are possible systems that can
provide many of the requirements for refrigeration
for spacecratt applications, in particular high
efficiency with good pruspects for high reliability,

MAGNETIC REFRIGERATION |

Magnetacaloric Eftact

"MagnetTc ritrTgerators” exploit the tempara- -
*ure and magnetic field dependence of the magnetic
entropy of a solid material to extract heat from a
low temperature source and transfer it to a highe.--
temperature sink. 7The entropy change relevant to .
these processes is given hy

f.
05 = ({30 37+ (3, 09 o L 4T o (3, a0 (1)

where S {s entropy, B {3 the magnetic field, Cp
fs heat capacity at constant magnetic field, H is
magnetization, and T is absolute temperature. Thus,

ia order to predict the {sothermal entropy changs |

or tii» adiahatic temperature change with magnetic
field variation, the zero-magnetic-field heat ca-

pacity Co and the equstion of state of the mag- |

netizatfon are renuired. The magnetic-field-
dependent heat capacity can be obtained by using

(2)

2
B M
CB-CO*T‘ (6—2‘)

The equation of state for paramagnets and farro—l

magnets is given by

"(BIT) - MSBJ(I) ’ (3)
where Mg 1is the saturation magnetizatior and
By(x) 1s the Brillouin function.? For a paramagnst
X = g8 BJ/KT . (4)

where g 1is the Lande g-factor, s the Bohr magneton, '

J the total electronic angular momentum operator,
and k the Boltzmann constant. For a ferromagnet,
in the molecular-field approximation,

X . qlJ[B - (Dugn/GIM + uoouo/c)n]/kr , (5)

where N i{s the demagnetizing factor, u

permability constant, o IS the density, ?‘1
mlecular weight, and 1, the molecular
constant given by

is the
is the
field

Ao = KToG/Nauga?a?did + 1)

with T, aqual to the Curle tempera‘ure. Substitu-
tion of Eas. (5) and (6) intn (3) glves a *ran-
scendenta) equation for M, which can be solved hy
fteration. Paramagnets at low temperature (i-?0 K)
and farromagnets near their Curie temperatures
(20-300 K) show appreciable entropy chanyes with
field: values range from >IR at low temperatures tn
0.1-0.7? R at room temperature, with * maximum of
R n{2) + 1), where R is the gas constant, Magnetic
materials have adiabatic temperatura changes of
10-20 K in 6-10 T fields.

In order to fully appreciate the rapability of
maqnetic systems, it {is instructive to compare the
simple thermodynamics of magnetic and gas systems
because miny scientists and engineers are more fa-
miliar with Jas systems, The correspnnding vari-
ables in the two systems are P, T, and B, T where P
{s pressure. The entropy equation for magnetic
solids is given by Eq. (1) and the corresponding
gas equation? (for an ideal gas) is

dS-( )dT'(—F) dP-T-dT-(’-)dP. (7)

where Cp 1s the heat capacity at constant pressure.

(6) |

|

$



Equations (7) and (1), (3), (5) can be used to cal-
culate the isothermal entropy changes and adiabatic
temperature changes under corresponding P or 8

changes. Fiaure 1 presents the entropy-temperature
diagram pressure ratio of 10:1 and a magnetic
field ¢ .ge of 10 T. Further comparisons show that
» ENTROPY AS A F (TEMPERAT'JRE)
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Fig. 1. Entropy as a function of temperature for

a magnetic solid, hydrogen and helium
qas. The gas compression ratio is 10:1
and the Curie temperature of the snlid is
40 K with a field change of 10 T.

magnetic refrigerants have larger entropy change per !

unit volume, even at room temperature, hecause of
their higher density, hut that gqases offer a much
larger temperature change above 30-40 K. Magnetic
refrigerants have an approximately constant adia-
batic temperature change aT for all
while qgases have a AT that increases as the tem-
perature increases. The larae AT upon compressinn
of a qas leads to large fnefficiency in a compressor
when a reasonable through-put is required. The mag-
netic system has a much smaller aT which leads to
good efficiency, but mav require a penalt:
stze of the room-temperature heat exchanyer,

Thermndynamic Cycles for Maqnetic Refrigerators

Tn order to uce the magnetocaloric effecl in a
refrigerator a suitable thermodynamic cycle must he
exscuted, Several maaneiic analogues of gas cyclaes
exist, The histaoric Carnot cycle, two t{sothermal
steps and two adiabatic steps, {is easy to rxacute
in a mgnetic system. Consider =
material near
material can he isolated from or put
with hot and cnld haths at will,
of this cycle is an isothermal magnstization while
in contact with the hot hath: the heat of magretiza-
tion is refected imtn tho hnt bath, Next, an iso-
lated (adfabatic), partial demagnetization is per-

In contact

temperatures

n the

ferromaqgnetic
its Curie temperaturn such that the

The first staqe !

l

formed which couls the matarial to a lower tempera- ;

ture, The third step puts the material in contact
with the cold hath as the demagnetization is con-
tinued to zero field: heat is drawn from the cold
bath. The final step of the cycle is an adiabatic
partial magnetisation hack to the orininal hot

temperaiire. These two disothermal steps and two
adiabatic steps constitute a magnetic Carnot cycle.
The temperature span of a Carnot cycle 1s limited:
to 5-10 K with an ~10-T field change, but no re-,
generation 1s recuired. Since larger temperature
spans are generally required, other :=ycles must be
used. The magnetic Brayton cycle consists of two
adiabatic steps and two jsofield steps. It requires
regeneration but can cover much larger temperature
spans than a Carnot cycle. The Rrayton cycle is
very attractive because of the natural way of
coupling to the externel heat exchangers through the
temperature change caused by the adiabatic field
changes. Magnetic Ericsson and Stirling cycles are
also possible. Ericsson cycles consist of two iso0-
thermal steps and two 1isofield steps., Stirling
cvcles require two isothermal steps and two isomag-
netization steps. Both of these cycles require re-
geneation but can span large temperature differ-
ences. Because these cycles require excellent heat
transfer between the heat-exchange fluid and the
source and sink to obtain the isothermal steps, the
Brayton cycle tends to be easier to implememt in a
practical device. .

A Magnetic Refrigeration System

In order to integrate a magnetic refriger-
ator with a complete spacecraft system, the refrig-
erator subsystem components and their constrairts
must be fully understood. Table TII Ilists the
characteristics of a magnetic refrigerator system.

TABLE I11
THE CHARACTFRISTICS OF A MAGNETIf REFRIGERATOR
SYSTER
PRINCIPLE

0 Magnetocaloric Effect

0 Adiahatic Temperature Change of 10-20 K in 6-10 T

o Isothermal Entropy Change of lR(4K) to
0.1R({300K)

SYSTEM COMPONENTS

Solid Magnetic Wark ing Material

Heat -Exchange Fluid

Fluid-Drive Pump

External Heat Exchangers

Magnetic-Material Drive Motor

Superconducting Maanet

Superinsulated Dewar

00000 0Q0

Let us now consider each component in morve de-
tail in an attempt to understand what characteris-
tics spacecraft maanetic refrigerators might have,

Magnetic Material. As shown in Fig, 1, the
entropy change caused by the magnetic fleld de-
creases as the nperating temperature deviates from
the Curie temperature, A temperature span of 40-6U
K can he achieved with a single material: hut if a
larger temperature span ts required, a series of
matertals must be used <o that each material oper-
ates near (and through) its Curle temperature. For
example, {f a temperature span of 20 K to 200 K was
desired for a particular spacecraft application, at
least three materials would be required, each
spanning about 60 K. This requirement is no prob-
lem since there are many gadolinium-based compounds
that have Curie temperatures ranging from 20 K to
JOO K, Table [V lists some of these compounds.
Ideally, a continuous range of Curie temperatures
would he used;



TABLE 1V

GADOLINIUM COMPOUNDS OR ALLOYS AND THEIR CURIE TEMPERATURES4

Compound/Alloy To_(K)
6dz, 7154 21
GdAgg aIng.2 24
Gdz.nga 28
6dg, 65Tho. 35R12 3
Gd Nig 32
Gd N1y (amorphous) 32
Gdy 27¢S 4
6d’Ad- 3112 50
Gd Agg, 7Ing.3 57
Gdz.gg4 58
Gd N 65
Gd Niz (crystalline) 8l
Gdy, 8Tho, 2A12 90

more research 1s required before the best selection
of materials can be made, but there shotld be no
problem obtaining suitable ones.

Heat-Exchange Fluid. A heat exchange fluid
must he used to coupie the magnetic solid to the hot
and cold external heat exchangers and to effert the
regeneration. If relatively small temperature spans
are required, various cryogenic liquids could be
used: but, generally, supercritical helium, hydro-
gen, Or neon can be used to span from low tempera-
tures to rodm temperature. If the design uses fluid
as the recvenerator, care must he taken tg xvmd mix-
ing arrosy the temperature gradient.? It 1s
better to us: the magnetic solid as the regenerator
as well as the working material to avnid excess en-
tropy production due to fluid mixing. Heat transfer
in the regenerative parts of the cycle must he ex-
cellent to attain high efficiencies. Exce!lent heat
transfer capehility car be obtained using porous-
beds. The conductance between a flowing gas and the
particle, of the bed has heen studied by severa)
workars.’+8,9 One of the more successful corrala-
tions for porous beda at room temparature Is that
of Coppage and Lendon?, given by

2nvd -0,31 [ -1

where h s the conductance, a is the bed norosity,
:1'r the ped particle diammter, and v the super-
ficial fluid valocity (as If the bad were empty):
py Mpy u, and =« ara the fluid density, heat ca-
pacley. viscocity, and thermal! conductivity, re-
spactively, Once a fluid is chneen, the hed param-
eters dy, a, and, indirectly, v, can he varied to
ohtair a3 large an hA. as possihle, where A i3
the bed contact area given by

6(1 - a)A__L

A . — (9)

(o Bp )
Here Acy i3 the cross sectional area and L s the
langth of the hed. Because hA. can be made very
large in porous beds, the hesat transfer can he ex-
tremely good. Howaver, It {s not possihle to make
the heat transfer artitrarily high hecause the flow
lossas become intolerable.

|
Compound/Alloy To (K! !
Gd?.skgo.s 100 ’
amorphous) "
GdAgg,s5lng, 5 |
Gdo. 6 a0.32 125 (
Gdg, ghug, 2 150
?amorpﬁous) ’
ot 2 |
Gdg 7L2 i
g& 0.3 %) |
.6770,33
Gdgngegl go. 15 224
Gdo, 80Y0. 20 254
Gt
Gd
6do.90%. 10 o
GdMn> 300 i

If the temperature span fis 20-300 K, the fluid l
must be either helium or hydrogen gas. Passage of :
gas through “he porous magnetic solid results in a
pressure drop in the gas and, hence, heat genera-
tion. The mst gen2ral equation for tk- piassure
drop through a porous bed 1s Ergun's equati .nlV, '

? i

150u{l - a {1 - allov
N VI [P
p a dp ]

where aP is the pressure drop through a bed of
length L., The term in hrackets is called the fric-
tion factor and contains the viscous-flow term
(first term) and tha turbulent flow term (1.75).
When Eqs. (9) and (10) are considered together, we
see that although a decrease in dp increases
A, 1t algo 1increases aP, At some point, the .
fiow lots VaP. where V s the volume flow rate,
pruduces so ruch irreversible entropy that the
efficiency drops to 2ern. However, it is possihle
to choose a value of dy such that the heat trans-
fer is excellent and the flow losses are minimal,
External Heat Excngg%nrq. The detector-module
power dissipat.on along with radiative and conduc:-
ive heat leaks provide the 1nw temperature thermal
load for the refrigarator, There may be other
thermal loads at higher tempneratures from the-ma!l
shields, etc, All of these loads plus the maanetic
work and heat due to losses must be rejected a
heat at «ome higher temperature, a.g., by radiation
at >200 K. An externsl heat axchanger performs the
function of connecting the hedl-.axchangs fluid
{and, iIndirectly, the working material) to the
tharmal lnads and rejection sink. One simpla type
of heat nmxchanger |y a channel through a metal
block attached to the lnad or radiator, For the
steady state case, neqlecting viscous losses, energy
conservation gqivas the following differential
equation: |

ove g} . 3'1(.-” \ (1)

where Cp 13 the heat.sxchange fluid heat capacity,
h the conductance hatwsen the hlock at temperature o
and the fluid at temperature T, and d ts the charac-
teristic channel diameter, Assuming that e s



essentially constant in steady state, Eq. (11) can
be solved to yield

Tog = 0+ (Tyy - 0) expf 2hL (12)
out IN ovcpa *

where Tiy 1s the heat exchanger fluid at the in-
let of the block and Tgyt is the temperature
after length L. Equation (li?.) shows that the de-
sign parameters for a given fluid are v and L/d.
The mass flow rate is determined by the required
c00ling power and Tour-TiN:

The temperature difference, Toyr-TyN» must also
be equal to aT, the adfabatic temperature change
for the magnetic material, The mass flow ov Is
determined by picking the diameter of the channel,
which 1in turn determines h, which determines L/d
from Eq. (12). For example, If we want 1 W of|
cooling power at @ = 20 K and the heat exchange:
fluid 1s 1.0 MPa h%Hun gas, then, for a2 » 10 K, H
becomes 2 x 10-9 kg/s, ov 1Is 25 kg/més, h
becomes 700 W/m<K, and L/d 1is 83, so L equals
0.83 m. The corresponding pressure drop 1in this
channel 1s 250 Pa, 1.e., completely negligible, A
corresponding calculation at a rejection tempera-
ture of 200 K gives similar results. The conclu-
sion of this exercise is that the heat exchange can
be easily accomplished at the expense of a slightly
larger temperature span, e.9., for 20 K source and

200 K sink, Tc ~ 8 kK and Ty ~ 216 K. Counter-
flow heat exchange would bhe even easier.
Magnetic Material Orive Motor. The work for

the magnetic refrigeration cycle has to be provided
by a drive motor of some type, pnssihbly including a
magnetic heat engine In analogy to a gas Vullleumier
cycle. In a wheel-type design, this work can be
introduced by a torquv on the drive shaft, A re-
ciprocating-type Jesign requires a force cumpensa-
tion mechanism because the magnetic work i{s prn-
duced by the difference betwean two large magnetic
forces, according to (M:-¢)B, as the mageetic mate-
rial enters and leav?s the field. It is also pos-
sibie to consider moving the magnet instead of the
magnetic material, which illustrates an additional
degree of design flexinility that magnetic :ystems
have, 1.e,, the intensive vartiahle B can be sculp-
tured much more than the corresponding variahle P
in gas systems,

Superconducting Magnet. The need for a high-
field maqnet s E". llniiely the hiqgest disadvantage
to magnetic refrigeration., The affects of magnetic
field on ocher parts of a spacecraft, e.q., magneto.
meters and IR detectors, would have to be carefully
determinad. 0Of course, one saving feature {1 that
magnetic fields can be affectively shialded hut only
at the expense of high permeability or supercon-
ducting shielding materials, However, 1f the reli-
ability and efficiency are high, this sheilding
penalty may not he serious.

Superconducting magnet tachnology using NbTI
and NbSny materfals is well developad, Magnets
capable of producing a 10-T field ae asailahle
using efther material; we have taken 10 T as the
practical upper 1imit for superconducting mignets
in this application. The magnetic work in the
thermo-dynamic cycle i3 not put into the refriger.
ator by charging the magnet, so that once the field
{s established the magnet can operate in the per-
gsistent mnde. The leads to the magnet can then he
removed to reduce the heat leak tinto the helium,
The steady magnetic field eliminates charging losces
dun to flux Jumping and will raduce »ddy current .

losses to a negligible level. The magnet will re-
quire an initial liquid helium transfer, but there-
after the refrigeration requirement can be provided
by a small magnetic refrigerator operating from, for
example, 20 K to 4 K which will add a comparatively
negligible parasitic heat load at 20 K. For ex-
ample, in a 20 W at 20 K refrigerator, calculations

indicate that an additional! 120 mW load 15 required

at 20 K.

Superinsulated Dewars. Modern helium,
glass Dewars with many layers of
shielding and superinsulation are readily available
and have remarkably low losses. Botl-off rates of
20-30 h/1 are not uncommon. This boil-off trans-
lates into a thermal influx of a few mW. This type
of Dewar cen also maintain its integrity for years
if properly designed with gettering matertal, such
as activated charcoal.

Costs. Spacecraft-worthy magnetic refriger-
ators” have not yet been designed, so costing fis
difficult. However, in general, 1t can be stated
that none of the components 'ﬂ a magnetic refriger-
ator system are very costly'! although a complete
system can only be properly costed after a design
is available.

POSSIBLE DESIGNS

Wheel Type
TF;'E wheel conceptl2 j1lustrated in Fig. 2

(taken from Ref. 12) provides continuous refrigera-
tion but has a limited temperature span, as can be

seen from the S-T curves of Fig. 1. A span of 40-70K
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Fig. 2. The magnetic wheel concapt {llustrated by
& Magnntic matarial In the rim of a wheel

execyting a Braytan cycle.

is possible: bhut the entropy change decreases as
the span f{ncreases, S0 40 K may he a practical
Timit, [f an IR-detector refrigerator with a load
at 20 K and a radiative sink at 200 K were desired
using the wheal! concept, the oaverall temperature
span of ~ 200 K could he ohtained from 4 or 5 mag-
netic wheels in series. Reference 12 shows that a
Brayton..cycle wheel spanning ~ 40 K shovld be sble

fiber- '
vapar-cooled -

|



to reach 70%of Carnot, which would give =~ 17% of
Carnot for 5 stages extending from ~ 10 K to ~ 215
K. This design should work but {is probably not the
best way to span large temperature ranges. There
are reportﬁ ‘ﬂ‘ ghree magnetic-wheel rzfrigerators
available.13,13,1

Reciprocating Type
The Eas‘c concept of reciprocating designs is

11lustrated in Fig. 3, taken from Ref, 5. This
&y EXPELLED
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Fig. 3. The magnetic v siprocating concept |
{1lustrated by an eight-step sequence!

executing a magnetic Ericsson cycle.

design typf was the first one suqgested for use
above 1 K.17 The temperature span 1s again about
40-70 K, but the refrigeration is not completely
continuous. However, the magnet can be a simple
solennid and entrained fluid does not cause prob-
lems. The regenerator losses can be serious, par-
ticularly <ince wixing of fluid along the tempera-
ture gradient can rapidly produce entropy. [f the
mixing prohlem can be solved, staged reciprocating
refrigarators should be possible, There are two
reports on reciprocating maqn%tic refrigerators
available in addrtion to Ref, 17,56

Active Magnetic Regenerator Typs |
Wany o a TimitatTons ussociated with the

previous two dasigns can be avaided or elininsted:
by the use of a new corcept called magnetic regan-:
erative refr igeration.

The active magnetic regenerator 1is a device
composed of saveral magnetic materials that are
thermodynamically cycled t> provide the refrigera-
‘‘on over an extonded temperature range, The basic
theory {s that of an ordinary vegenerator except
that the temperature of the materials can he changad
by tha application o removal of & magnetic fileld
and that a thermal wavefront propagates back and;
forth in the reqanerator.

Each different material executes a smal)’
Brayton cycle near i{ts Curie temperature; but when
all of the materials are combined, they yield a
Brayton cycle over an extended temperature range,
e.g., 10-220 K. The basic cycle 1s {llustrated in
Fig. 4 and 1s described as follows. Consider a |
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Fig. 4. The active magnetic regenerator concept
11lustrated by a five-part sequence of
the temperature profile along a
regenerator executing a magnetic Brayton

cycle over an extended temperature span.

porous-bed reqgenerator compnsad of a serfies of dif-
ferent farromagnetic materials with Curie tempera-
tures T, gradually decreasing from the sink tem-
perature Ty to the load temperature Te. Also,
consider that the temperature qradient Qs nearly
uniform but displaced to the left of the center in
the regenerator, as shown in the top frame of Fig.
4. (For start up from a warm condition, 1.a., Ty
everywhere, |t takes several cycles to reach the
condition assumed ahove: so, for simplicity, we
start with the temparature gradient established.)
lpon application of a magnetic field, the tempera-
ture all alonqg the hed will adiabatically increase
hy aT which is about 15-20 K for a 10-T field.
(One of the characteristics of magnetic refriger-
ants {s that AT {s roughly independent of T {f the
material is near {ts Curie temperature.) After the
tield 1s applied, helium or hydrogen gas, at cem-
perature Te *+ AT {s pushed :hrough the bed from
the cold end, which {s now at Tp * aT. As the
gas ot T¢ + aT enters the hed, the gas will warm
a8 the bed copls, and a thermal wavefront of mag-
nitude Ty - To will he established, as shown 1in
the middle frame of Fig. 4. The overall wavefront
will propaqate throvqh the regenerator (to the right



in the middle frame of Fig. 4) as gas continues to
flow into the bad at Tg + aT. The gas leaves the
regenerator at Ty + AT until the thermal wave- |
front arrives at the hot end of the regenerator, at :
which time the temperature of the exiting gas drops
to  Ty. When this happens, the gas flow is
stopped and the regenerator is adiabatically demag-
netized. The temperatures all along the bed drop

by AT as shown in frame 4 of Fig. 4, in preparation
for the reverse flow of gas. The gas that came outi
of the regenerator at Ty + AT during the mag-
netized stage is put through a heat exchanger and!
cooled to Ty before it is pushed back into the
regenerator after demagnetiziation. Another ther-
mal wave of magnitude Ty -T¢ 1is established;
but it travels in the opposite direction to the
first thermal wavefront, as shown in the bottom
frame of Fig. 4.

The gas exits the cold end at T¢ and is then
put in contact with the load. When the gas tempera-
ture at the cold end of the regenerator increasec
from Tc to Tc + 4T, the gas flow is stopped and
the cycle is repeated as the regenerator is again
magnetized,

A key point in this concept needs to be empha-
sized. The finite heat transfer between the heat-
exchange gas and the magnetic solid, along with the
axtal conduction in the bed, will tend to disperse
the thermal wave front as it propagates through the
regenerator. In a non-active (non-magnetic-normal
type) regenerator these effects will gradually re-
duce any thermal gradient by spreading the temnera-
ture change out across the whole bed. However, in,
an active magnetic reqenerator, the wavefront prop-:
agates hack and forth through the regenerator with-|
out complete dispersion because the wavefront is
sharpened every half-cycle by distributed refriger-
ation. This concept is still in the development
stage, but preliminary experiments and calcu-
lations!® i{ndicate that it can provide refrigera-
tion over large temperature spans, e.qg., 10-220 K,
at very impressive efficiencies, ~ 50% of Carnot.
This concept has also been embodied into a wheel
and a reciprocating design,but no detailed design
work has been completed,

DISCUSSION

Magnetic refrigaration has been introduced for
IR sensor cooling tut may hiave many other space
applications, The key feature fs 1its potential
higher effictiency; but preliminary calcutations
also indicate that the volume and mass of a mag- '
netic regenerative refrigerator will be 1lejs than
comparahle gas refrigerators. The mass calcula-
tions fincluded mu-metal shieldings around the en-
tire refrigerator dewar to eliminate the effects of
stray magnetic fields on other spacecraft com-
ponents. The relfability of a magnetic refrigerator
fs uncertain because of a naed for seals, hearings,
motors, etc., but the cycle frequency 1s very low,
f.e., ~ 0.1 Hz (6 RPM) so there is a good possi-
bility high relfability might be achievable. The'
need for 4.2 K refrigeration suggests that :he
first applications should he in che 4-20 K tempera-
ture range.

REFERENCES

1.

10.

12.

13.

4,

15.

16,

19.

Sherman, A., "Cryogenic Cooling for Spacecraft
Sensors, Instruments, and Experiments,"
Astronautics and Aeronautics.16, 39-47 (1978).
Kittel, C., "Introduction “fo Solid State
Physics, 5th ed, (J. Wiley and scns, Inc., New
York, 1976), Chap. 15.

Adkins, C. J., Equilibrium Thermodynamics, 2nd
ed. (McGraw Hill, London, 1975].

Connolly, T. F. and Copenhaven, E. U.,
Bibliography  of Magnetic  Materials and

7abuTation of Magnetic Transition Temperatures,
T3013d 3tate Literature Guide, lFI?FIenum. New
York, 1973), vol. 5. ‘
Barclay, J. A., Moze, A., and Paterson, L., "A
Reciprocating Magnetic Refrigerator for 2-4 K
Operation: Initial Results," J. Appl. Phys. 50,
5870-5877 (1979). |
Brown, G. V., "A Magnetic Heat Pump Near Room
Temperature,” J. Appl. Phys., 47, 3673-3680]
(1976). !
Steyert, W. A,, ‘"Heat Transfer and Tflow;
Friction in Fine Porous Media," Los Alamos:
National Laboratory Report, LA 6912-MS |
(September 1977).
Coppage, J. E., and London, A. L., ‘"Heat
Transfer and Flow Friction Characteristics of
Porous Media," Chem, Eng. Prog. 52, 57-65°
(1956).
Eckert, E. k. G., and Drake, R. M., Jr., Heat
and Mass Transfer (McGraw-Hill, New York, 19%597.
rd, .r tewart, N., and Lightfoot, E.,
Transport Phenomena (John Wiley and Sons, Inc.,
New York, 07, p. 200.
Barclay, J. A., "Magnetic Refrigeration tor
Efficient Cryogen Liquefaction," Los Alamos
National Laberatory, unpublished data.
Steyert, W. A,, "Stirling-Cycle Rotating:
Magnetic Refrigerators and Heat Engines for use !
near Room Temperatures," J. Appl. Phye, 49,
1216-1226 (1978). -
Pratt, W. P,, Jr., Rosenblum, S. S., Steyert,
W. A., and Barclay, J. A, "A Continuous
Demagnetization Refrigerator Operating near 2 K
and a Study of Magnetic Refrigerants,"
Cyrogenics 17, 689-693 (1977). i
Barclay, J.  A. and Steyert, W. A,, “Magnetic
Refrigerator Development," Final Report to.
Electric Power Research Institute, unpublished,
Barclay, J. A., and Steyert, W. A., “Magnetic
Refrigeration for Space Applications: Report
on a DNesign Study." Los Alamos National
Laboratory Report, LA-8134 (February 1980).
Barclay, J. A. and Steyert, W. A,, "Magnetic
Refrigeration for Space Applications," Proc. of
Int'l, Cryog. Eng. Conf., Genova, Italy, June
3-6, 1980, pp. 213-217,
van Geuns, J, R.,, "0On a New Refrigeration
Cycle,” Phillips Res. Rep. Suppl. 6 (1966),
Barcicy, J. A., Brorson, J. C., and Steyert, W,
A., "A Reciprocating, Regenerative, Magnetic
Refrigerator Operating Near Room Temperature,"
to be published, 1981.
Barclay, J. A., "Can Magnetic Refrigerators
Liquefy Hydrogen at High Efficiency ", submitted
to National Heat Transfer Conference to be held
tn Milwaukee, Aug, 2-5, 1981,




